Experimental
Introduction
Voltammetric and amperometric methodologies have been explored as non potentiometric routes for the determination of acid or base concentrations in aqueous media. [1] [2] [3] [4] [5] [6] [7] [8] It is well established that the concentration of dilute solutions of either strong or weak acids can be determined by monitoring the reduction wave of hydrogen ions under steady-state conditions, at platinum microelectrodes. [2] [3] [4] 8, 9 By analogy, the concentration of bases can be monitored by the direct oxidation of hydroxide ions (Eq. (1)). Abdelsalam et al. have explored the oxidation of hydroxide ions in aqueous solutions using microelectrodes. 5 They demonstrated that it was possible to record an oxidation wave which was well defined over the background discharge current due to water breakdown at very positive potentials. Moreover, the height of the wave was found to be proportional to the hydroxide ion over a wide concentration range. 1, 5, 6 From the amperometric response for hydroxide oxidation it has been shown that pH can be determined. 7 4OH -/ O2 + 2H2O + 4e -
The aim of the present work is to explore the electrochemical oxidation of hydroxide ions using gold ultra-microelectrode arrays consisting of a large number of individual microelectrodes in dilute solutions of strong bases. There are few reports of using a microelectrode array consisting of so many electrodes (>1500) in electroanalysis. In fact, to our knowledge, there is only one literature report describing microelectrode arrays claimed consisting of 1681 and 2601 electrodes. 10 However, it is the case for lithographically constructed arrays that the true electrochemically active number may be substantially less than the number of discs fabricated on the surface because of "disconnection". The most likely reason for this is a faulty etching of the silicon oxinitride layer during the later stages of the fabrication process. The mission of the silicon oxinitride layer is to provide the pattern for the array. A particular feature of our work is the simulation of voltammetry to "count" the fraction of active electrodes.
Whilst the use of gold as an electrode substrate appears as a promising electrode material, 1,5 the unavoidable formation of surface oxide during the oxidation of hydroxide 11 is deleterious since it results in electrode passivation. Nevertheless this work shows how, despite this drawback, the quantitative detection of the hydroxide ion in the low micromolar range, 50 µM and up to 1 mM, using linear sweep voltammetry (LSV) is possible using gold arrays.
were prepared using ultra pure deionized water (DI) (18 MΩ cm).
Cyclic voltammetry and linear sweep voltammetry experiments were carried out with a µ-Autolab (Type III) (EcoChemie, Utrecht, the Netherlands) interfaced to a PC using GPES (Version 4.9) software for Windows  . All measurements were conducted using a three electrode cell. A gold ultramicroelectrode array as a working electrode, a platinum wire as a counter electrode and a Ag/AgCl (3 M KCl) reference electrode completed the circuit.
Microdisc array fabrication
The on-chip gold microelectrode arrays, used as working electrodes in this study, were made using standard photolithographic techniques. In the first step of manufacturing, a silicon wafer was oxidised (800 nm of SiO2) at 1100˚C. The metallization was performed in a single process, a first titanium layer as adhesion promoter (20 nm) followed by a gold (150 nm) layer were deposited, and subsequently patterned by a liftoff procedure. In next step, deposition of a passivation layer for electrical interference prevention and chemical protection was carried out. In this case, the surface was covered by an insulating silicon oxinitride layer (500 nm) grown by plasmaenhanced chemical vapour deposition (PECVD). Finally, this layer was patterned and that areas which act as working electrodes, and contact pads were then defined photolithographically and opened by dry etching. The various processes employed are described in Ref. 12 . After fabrication of the microelectrodes at wafer level, the chips were separated individually and surface mounted onto print circuit board (PCB) holders. The chips and the connections were encapsulated by a photo curable insulating resin polymer.
The specifications of the gold ultra-microelectrode arrays fabricated and used in this work are summarised in Table 1 . Figure 1 shows optical images of the 2597 gold ultramicroelectrode array which has a hexagonal arrangement where the individual microelectrodes are 5 µm in diameter separated from their nearest neighbour by 55 µm (centre-to-centre). It is important to note that due to the nature of the fabrication process, not all the discs in the array are active; this has been discussed in previous work.
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Results and Discussion
Characterization of the ultra-microelectrode arrays
Prior to beginning experiments, the microelectrode arrays were activated electrochemically by cycling the potential from +0.8 to -1.5 V (vs. Ag/AgCl, 3 M KCl) in 0.1 M KCl. This results in bubble formation which removes surface passivating oxygen species on the electrode surface. Nevertheless, due to the nature of the fabrication process not all the microelectrodes on the array are active and some "dead" electrodes result. The only way to quantitatively determine the actual number of electrodes on the array is to either i) electrochemically plate copper metal on the array so that they can be physically counted or ii) fit several cyclic voltammograms for the ferrocyanide/ ferricyanide couple as a function of scan rate with that predicted via theory. 13 Given that the array in this example has over 2000 electrodes, option i) would be tedious and time consuming. Therefore an easier approach is to use a simulation method, the details of which have been described elsewhere. [12] [13] [14] Comparison of experimental data with numerical simulations revealed that the actual number of discs on the array corresponds to 170 and 1550 electrodes for array 1 and array 2, respectively (see Table 1 ).
The cyclic voltammetric response of Array 1 (170 electrodes) and Array 2 (1550 electrodes) recorded at 100 mV s -1 are shown in Fig. 2 , where the increase in the limiting current increases four-fold into the µA range which is due to the non-planar nature of the mass transport regime occurring at each individual microelectrode on each array.
Voltammetric response of hydroxide ions
The cyclic voltammetric response was first explored in a 1 mM sodium hydroxide solution using Array 1 at a scan rate of 5 mV s -1 . As depicted in Fig. 3A , a well defined sigmoidal wave is observed. The oxidation wave at ca. 
On scanning to more positive potentials the current increases significantly due to the direct electrochemical oxidation of water. The small oxidation wave observed at ca. 0.4 to 0.8 V (vs. Ag/AgCl, 3 M KCl) and its associated reduction peak appears at about 0.2 V (vs. Ag/AgCl, 3 M KCl) and arises from surface gold oxide formation and reduction of gold. 11 At more negative potentials, it is possible to observe the reduction of dissolved oxygen and a sharp rise in current occurs due to hydrogen evolution. Figure 3B shows the positive potential zone of the cyclic voltammograms recorded using Array 1 in a solution of 1 mM NaOH in 0.01 M Na2SO4 over a range of scan rates. Note that oxygen evolution from OH -on Au occurs in the potential region where surface oxides are formed (>1.4 V). The unavoidable formation of Au oxide in alkaline solution has been proposed to proceed through the following stages: 11 Au + OH -e -→ AuOH
At higher positive potentials and after long periods of oxidation, gold in the 3+ oxidation state such as Au2O3 may be formed. 11 Oxide formation is undesirable for any metal electrode, including gold, since it may impair the oxidation of the hydroxide ion and damage the array. The formation of metal oxides causes the electronic properties of the metal surface to change and the adsorption behaviour of reactions intermediates and products at the electrode surface will be changed. The oxide can also impose a barrier to charge transfer at the electrode/electrolyte interface. Accordingly, the rate of OH -oxidation (i.e. analytical detection) at the Au surface will be influenced by the growth of surface oxides. It is important to analyse the growth of gold oxide because it will influence the stability of the hydroxide oxidation peak current. Using Array 1 the potential was swept from 0 to +1.5 V vs. Ag/AgCl (3 M KCl) and held at +1.5 V for 1 h with the current monitored over time, which is shown in Fig. 4 . Note that the current is only stable during the first 5 min, and which it starts to decrease presumably due to oxide formation. The decrease in the OH -reactivity is also observed when running cyclic voltammograms although it occurs to a much lesser extent. If the working electrode potential was repeatedly scanned from 0 to +1.5 V vs. Ag/AgCl (3 M KCl), we observed that during the backward scan the oxide formation is reduced; it is not until the fortieth scan when the decrease of the limiting current is greater than 10%.
Regardless of oxide growth, at lower scan rates the peak current of the wave occurring at +1.5 V (vs. Ag/AgCl, 3 M KCl) was found to be proportional to hydroxide concentration. A; R = 0.99, N = 15) with a limit of detection found, based on 3σ, found to correspond to 0.02 mM. Note that given the slow scan rate used and the distance between microdisc on the arrays it is likely that overlapping diffusion layers occurs resulting in gentle peaks rather than limiting currents. [12] [13] [14] All currents were evaluated at a fixed potential range corresponding to the plateau, taking the current recorded before the onset of the wave as the baseline. It must be noticed that the half-wave potentials shifts positively by 60 mV for a ten-fold increase in hydroxide concentration. This is thought to be due the oxide formation which slows electron transfer. When the hydroxide concentration was below 0.05 mM, the wave could not be satisfactorily distinguished from the baseline. For concentrations above 1 mM, on the other hand, the current was erratic, maybe due to the formation of oxygen bubbles on the electrode surface.
To improve the sensitivity we replicated the previous experiment, under the same conditions, using the gold ultramicroelectrode array composed of 1550 microdiscs. The resulting voltammograms are shown in Fig. 6A . Analysis of the peak height versus added hydroxide concentration found to produce a linear response 0.05 to 1 mM (IH/A = 0.004[OH/M] -8.6 × 10 -8 A; R = 0.99, N = 15) as shown in Fig. 6B (triangles) which was found to produce a limit of detection found to be 0.01 mM. Figure 6B also shows a comparison between the peak current values against hydroxide ion concentration for both arrays used in this work, Array 1 (circles) and Array 2 (triangles) where an approximately 3 fold increase in sensitivity is observed. In spite of the increase in sensitivity, it was again not possible to distinguish the hydroxide oxidation wave from the baseline at concentrations below 0.05 mM.
Note that a "discrepancy" appears, because in Fig. 2 when the number of discs on the array was doubled the current was observed to increase by a factor of four but while it is three for the hydroxide ion (Fig. 6 ). This can be in part, explained by diffusional overlap. On the time scale of the ferrocyanide experiment (100 mV s -1 ) diffusional overlap does not occur but for the hydroxide ion recorded at a scan rate of 5 mV s -1 diffusional overlap exists such that increasing the number of discs does not scale with electroactive area or number of discs. This is further complicated by the difference in the diffusion coefficients between the hydroxide and the ferrocyanide. [12] [13] [14] Note that this detection limit and analytical range is superior to that previously reported for the microelectrode amperometric detection of OH -5 and reflects the most sophisticated such analytical system for hydroxide ions reported to date.
Conclusions
The electrochemical oxidation of hydroxide ions has been explored using high gold ultra-microelectrode arrays consisting of 170 and 1550 electrochemically active electrodes in cubic and hexagonal arrangements, respectively. Analytically useful 682 ANALYTICAL SCIENCES MAY 2006, VOL. 22 The detection limits, analytical range and sensitivities are the most superior to date for amperometric hydroxide sensing.
